To study the selectivity of neurotrophic actions in the brain, we analyzed the actions of several known growth factors on septal cholinergic, pontine cholinergic, and mesencephalic dopaminergic neurons in culture. Similar to nerve growth factor (NGF), basic fibroblast growth factor (bFGF) stimulated choline acetyltransferase activity in septal cultures. In contrast to NGF, bFGF also enhanced dopamine uptake in mesencephalic cultures and stimulated cell proliferation in all 3 culture types. Insulin and the insulin-like growth factors I and II stimulated transmitter-specific differentiation and cell proliferation in all culture types. Epidermal growth factor (EGF) produced a small increase in dopamine uptake by mesencephalic cells and stimulated cell proliferation in all culture types. In septal cultures, bFGF was most effective when given at early culture times, NGF at later times. The stimulatory actions of bFGF and insulin did not require the presence of glial cells and were not mediated by NGF. In mesencephalic cultures, the stimulation of dopamine uptake by bFGF and EGF was dependent on glial proliferation. The results suggest different degrees of selectivity of the neurotrophic molecules.
NGF and, very similarly, bFGF seem to influence septal cholinergic neurons directly and rather selectively, whereas the neurotrophic actions of insulin and the insulin-like growth factors appear to be more general.
It is widely believed that for a given neuron or neural connection to survive during development, proper contact with the projection area has to be established. The known biology of nerve growth factor (NGF) supports the concept that such neurontarget interactions are based on the production and release of specific trophic molecules by the target area which are required by the innervating neurons (for review, see Thoenen and Edgar, 1985; Purves, 1986; Thoenen et al., 1987; Barde, 1989) . Besides NGF, several other substances or factors have been character-ized that are able to support survival or differentiation of neurons. Ciliary neurotrophic factors (CNTF) have been isolated from chick eye (Barbin et al., 1984) , rat sciatic nerve (Manthorpe et al., 1986) , and bovine heart (Watters and Hendry, 1987) based on their ability to provide survival of chick embryonic ciliary ganglion cells in culture. A brain-derived neurotrophic factor (BDNF) has been purified from pig brain (Barde et al., 1982) and promotes survival and fiber outgrowth of embryonic chick sensory neurons and rat retinal cells (Davies et al., 1986; Johnson et al., 1986; Barde et al., 1987; Kalcheim et al., 1987; Hofer and Barde, 1988) . Furthermore, substances that were previously known for their effects on non-neuronal tissues have recently been recognized to display neurotrophic effects when tested in cell culture assays. Among these molecules are basic fibroblast growth factor (bFGF), insulin, the insulin-like growth factors I and II (IGF-I, IGF-II), and epidermal growth factor (EGF). bFGF has been shown to promote survival and fiber outgrowth of dissociated mouse and rat fetal neurons (Morrison et al., 1986; Walicke et al., 1986; Unsicker et al., 1987; Walicke, 1988) and to stimulate neurite formation in PC 12 cells (Togari et al., 1985; Rydel and Greene, 1987) . According to a recent report, bFGF also stimulates the proliferation of neuronal precursor cells in culture (Gensburger et al., 1987) . In support of a possible function of bFGF in the CNS, bFGF activity and immunoreactivity and receptor for bFGF have been found in the brain (Logan and Logan, 1986; Imamura et al., 1988; Presta et al., 1988) . A neuronal bFGF receptor with properties distinct from the mesenchymal receptor has recently been characterized (Walicke et al., 1989) . Suggestive of many different roles of this molecule in the mammalian organism is the fact that as many as 15 previously characterized growth factors are probably similar or identical to bFGF (Gospodarowicz et al., 1986) . Insulin, IGF-I, and IGF-II have only recently been suggested to possess physiological functions for the CNS (for review, see Baskin et al., 1988) . Receptors for insulin and the IGFs are found in the rat brain and seem to be heterogeneously distributed (Hill et al., 1986; Mendelsohn, 1987; Bohannon et al., 1988) . Evidence that insulin occurs in the brain is still equivocal , but mRNAs for IGF-I and IGF-II were detected in many brain areas and seem to be differentially regulated during development (Rotwein et al., 1988) . In cultures of brain cells insulin, IGF-I, and IGF-II promote neuronal survival, neurite extension, expression of neuronal enzymes, and, in astrocytes but possibly also in neurons, DNA synthesis (Bhat, 1983; Lenoir and Ho-negger, 1983; Mill et al., 1985; Recio-Pinto et al., 1986; Aizenman and DeVellis, 1987; Kyriakis et al., 1987; Avola et al., 1988; DiCicco-Bloom and Black, 1988) . Mild increases in dopamine uptake of ventral mesencephalic cultures by IGF-I and IGF-II have been reported recently (Valdes et al., 1988) . EGF is primarily known as a potent mitogen for several cell types including astrocytes (Schlesinger et al., 1983; Avola et al., 1988) but, similar to bFGF, has recently been shown to promote neuronal survival and neurite outgrowth of dissociated neonatal rat brain cells in serum-free medium (Morrison et al., 1987 (Morrison et al., , 1988 . The EGF molecule is structurally and functionally related to transforming growth factor alpha (Anzano et al., 1982; Marquardt et al., 1984) , which is synthesized in the brain (Wilcox and Derynck, 1988) . Both molecules act on the same receptors (Massague, 1983) . Some of the non-neuronal actions of EGF are shared by platelet-derived growth factor (PDGF, Cooper et al., 1982) and PDGF has recently been shown to play a role in glial differentiation Raff et al., 1988; Richardson et al., 1988) .
The concept of NGF as an instrument of target-controlled neuronal survival has been established in the PNS. The exact role ofNGF in the CNS remains to be fully elucidated. Presently, actions of NGF on the cholinergic neurons of the basal forebrain and the corpus striatum are well characterized (for reviews, see Thoenen et al., 1987; Whittemore and Seiger, 1987; Hefti et al., 1989) and distribution and developmental changes of NGF and its receptor in the CNS have been extensively investigated (for recent studies, see Ayer-LeLievre et al., 1988; Buck et al., 1988; Ernfors et al., 1988; Hefti and Mash, 1988; Kiss et al., 1988; Schatteman et al., 1988; Yan and Johnson, 1988) . All data are compatible with the view that NGF serves as a target-derived survival factor for basal forebrain neurons. However, it is still not known whether there is neural cell death during the development of the basal forebrain or striatal cholinergic system and whether the availability of NGF regulates the number of cholinergic neurons. Furthermore, the selectivity of the action of NGF in the CNS remains one of the principal unresolved questions. While the distribution of NGF and its receptor suggests actions of NGF on neurons other than cholinergic (Buck et al., 1988; Emfors et al., 1988; Schatteman et al., 1988; Yan and Johnson, 1988; Large et al., 1989) , no other NGF-responsive central populations have yet been identified with certainty. Far less is known about the other neurotrophic factors and their functions in the CNS. Hence, at the present time it seems equally likely that, in the CNS, neuronal survival upon proper contact with the target area is regulated by a large number of different, population-specific neurotrophic factors, or alternatively, that there is only a small number of neurotrophic factors, which may be precisely regulated during development.
In an attempt to clarify the degree of selectivity of the actions of various neurotrophic substances, we used previously established cell culture models of fetal rat septum, pons, and ventral mesencephalon (Hartikka and Hefti, 1988a, b; Knusel and Hefti, 1988; Michel et al., 1989) . Septal cholinergic cells in culture respond to NGF in various ways, among them by increasing the activity of the enzyme choline acetyltransferase (ChAT; Hefti et al., 1985; Hartikka and Hefti, 1988a, b; Hatanaka et al., 1988) . Pontine cholinergic neurons, located in the pedunculopontine and dorsolateral tegmental nuclei, share some of the morphological characteristics of basal forebrain cholinergic neurons and have medium-to large-sized cell bodies and long centrally ascending axons (Woolf and Butcher, 1986; Rye et al., 1987; Goldsmith and van der Kooy, 1988) . However, this cell group has been shown not to respond to NGF in vitro (Knusel and Hefti, 1988) and to lack receptors for NGF (Woolf et al., 1989) . Cultures of the ventral mesencephalon were used to test for effects of trophic factors on dopaminergic cells of the substantia nigra. We have previously reported that CNTF does not seem to promote the differentiation of septal or pontine cholinergic neurons (Knusel and Hefti, 1988) . In the present study trophic effects on septal and pontine cholinergic and mesencephalic dopaminergic neurons were examined for bFGF, insulin, IGF-I, IGF-II, EGF, and NGF. Further experiments were aimed at defining differences and similarities in the actions of NGF, bFGF, and insulin on septal cholinergic cells.
Materials and Methods
Preparation ofthe cultures. Rat fetuses of the embryonic age El 5-El7 were collected into PBS from anesthetized (Nembutal, 0.6 ml/animal) mothers. The brains of the embryos were removed in L-15 medium without serum, and septal, mesencephalic, and pontine areas were dissected using previously published procedures (Hart&a and Hefti, 1988a; Knusel and Hefti, 1988; Michel et al., 1989) . The tissue pieces were washed 2 times in medium and then mechanically dissociated by gently pipetting 20-30 times through a blue (1 ml) sterile pipet in about 1.5-2 ml of medium. Immediately after this trituration, approximately 10 ml of medium was added and the undispersed tissue pieces were allowed to settle during the 1 O-20 min. Most ofthe supematant, which contained the individual cells, was then transferred to a second tube. About 1.5 ml medium was left in the tube for a second trituration. Virtually all of the tissue was dispersed after the second trituration. The cells were spun down in a centrifuge at 200 x g (10 min), resuspended in 5 ml of L-15 medium, and counted in a hemocytometer using exclusion of trypan blue as criterion for viability. Aliquots of 0.6-0.8 million viable cells were pipetted into wells of 16 mm diameter in 24-well plates (Costar) which contained 0.5 ml of growth medium (see below). Culture wells were previously coated overnight with a solution of 1 mg/ml polyethylenimine in 0.15 M sodium borate buffer, pH 8.3. The wells were washed 2-3 times with sterile PBS before medium was added.
The neurons were grown in Leibovitz's L-15 medium (purchased from Gibco) with the following additions: 5% horse serum, 0.5% fetal bovine serum, and per liter of medium 2.5 gm NaHCO,, 9.0 gm glucose, 875 mg glutamine, 5 mg beta-alanine, 15 mg aspartic acid, 15 mg cystine, 15 mg glutamic acid, 5 mg para-aminobenzoic acid, 50 mg ascorbic acid, 10 mg choline chloride, 25 mg fumaric acid, 2.5 mg glutathione, 60 mg imidiazole, 10 mg myo-inositol, 0.5 mg alpha-lipoic acid, 2 mg vitamin B,, and 100.00 units nenicillin G and 100 ma streutomvcin. Cells were'mcubated'at 37°C in a 95% sir/5% CO, humidified atmosphere. The medium was changed at approximately 3 hr and 24 hr after plating and, subsequently, every 2-3 d. Each change included 2 rinses ofthe cells with medium. Growth factors were added after each medium change as specified in the Results. The cells were taken for biochemical determination ofChAT activity or dopamine uptake after 6-8 d in vitro, for ChAT immunocytochemistry after lo-14 d. ChA T and neurojilament immunocytochemistry. Cultures were washed 3 times with PBS, fixed for 30 min in fresh 4% paraformaldehyde in PBS at room temperature, and then incubated for 3-5 d at 4°C with a monoclonal antibody against ChAT (gift of Dr. F. Eckenstein, Oregon Health Science University) or against neurofilament (RT97, Wood and Anderton, 198 1; a gift from Dr. J. Wood, Wellcome Research Laboratories, Beckenham, England). The antibody was contained in 0.1 M sodium phosphate buffer, pH 7.4, with 5% sucrose, 5% bovine serum albumin, and 0.1% Triton X-100 (PS-solution) and normal rabbit serum (1: 100 dilution). Subsequent incubations at room temperature were with biotinylated anti-rat antibody (10 &ml PS, Vector Laboratories, Burlingame, CA) and then with an avidin-biotin conjugate of peroxidase (Vectastain), each for 2 hr. The peroxidase was visualized with diaminobenzidine and hydrogen peroxide.
Determination of ChAT activity and protein content. Cultures were washed with PBS and then homogenized by sonication in 250 ~1 of 50 mM Tris-HCl buffer, pH 6.0, with 0.3% Triton X-100. Aliquots (30-50 ~1) of the homogenate were taken for the determination of ChAT activity according to the method of Fonnum (1975 .s s e 100 a q nn-
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ng Growth Factor / ml Medium concentration of 20 PM (specific activity 4.09 Ci/mol of acetyl-CoA). Incubation was at 37°C for 20 min. Protein content of the cultures was measured according to the method of Bradford (1976) using bovine gamma-globulin (Bio-Rad) as a standard. Dopamine uptake. The method used was a modification of that described by Prochiantz et al. (1981) . Cells were washed twice with incubation solution (5 mM glucose, 1 mM ascorbic acid in PBS) and then preincubated for 5 min at 37°C with 250 ~1 incubation solution containing 1 mM pargyline.
[1H]dopamine (37 Ci/mmol) was then added to give a final concentration of 50 nM and the cultures were incubated at 37°C for 15 min. Blanks were obtained by incubating cells at 0°C. The uptake was stopped by removing the incubation mixture, immediately followed by 5 washes with cold PBS. The cells were then lysed in 1% Triton X-100 with 10% perchloric acid and transferred to scintillation vials for counting.
Materials. Chemicals of analytical grade were purchased from Sigma, if not otherwise stated. Media and sera for tissue cultures were obtained from Gibco. Mouse NGF was purified according to Suda et al. (1978) . A polyclonal sheep anti-NGF serum (Suda et al., 1978) was used, 1 .ul/ ml of which inhibited the biological activity of up to 2 Ilg/ml of NGF. Bovine insulin and mouse submaxillary gland EGF were purchased from Sigma. Human recombinant bFGF was provided by Synergen (Boulder, CO). This molecule was shown to stimulate proliferation ofvarious cells at concentrations of l-10 @ml. bFGF was stored at 2 mg/ml in 10 mM sodium phosphate buffer, pH 7.0, containing 0.3 M glycerol and 0.3 mg/ml heparin. This stock solution was kept at -70°C and further dilutions were prepared immediately before addition to the cultures.
Human recombinant IGF-I and IGF-II were obtained from Eli Lilly Laboratories (Indianapolis, IN). Stock solutions of 1 mg/ml were kept at -70°C and further diluted in growth medium.
Results

Trophic actions on septal cholinergic neurons
In septal cultures, the activity of the cholinergic marker enzyme, ChAT, was elevated by bFGF, insulin, IGF-I, and IGF-II in a similar way as earlier shown for NGF. The dose-response relationship was established for each of the compounds (Fig. 1A) . NGF was most potent in stimulating ChAT activity, producing a half-maximal response at a concentration of 0.16 rig/ml medium (6.0 PM), whereas these concentrations were 88.8 rig/ml (5.4 nM) for bFGF, 255.0 r&ml (42.5 nM) for insulin, 24.4 ng/ ml (3.19 nM) for IGF-I, and 76.4 &ml (10.2 nM) for IGF-II as determined from the pooled data of 2-3 experiments per growth factor (Fig. 1A) . When measured 7 d after plating, the various factors were approximately equally effective in producing elevation of ChAT activity, but concentrations of approximately 1 rig/ml NGF (38 PM), 1 pg/ml IGF-I or IGF-II (130 nM) or bFGF (60 nM), or 5 &ml insulin (800 nM) had to be used to produce maximal responses. EGF at concentrations between 1 Figure 2 . Phase-contrast micrographs of living septal cultures grown in presence of NGF, insulin, or bFGF. Cells were grown for 7 d without growth factors (A), in the presence of 50 rig/ml NGF (B), 30 pg/ml insulin (C), or 1 &ml bFGF (0). Plating density was 0.8 x lo6 cells/well. Control cultures and cultures grown with NGF appear identical whereas the presence of insulin or bFGF substantially increased cell density. Scale bar, 50 pm. and 500 r&ml (0.17 and 82 nM) failed to increase ChAT activity in septal cultures (Fig. 1A) . Similarly, no effects were observed with PDGF, which was tested between 0.6 and 15 &ml (data not shown).
Trophic actions on pontine cholinergic neurons and mesencephalic dopaminergic neurons
As shown previously (Knusel and Hefti, 1988) and in marked contrast to the situation in septal cultures, NGF in concentrations up to 1000 rig/ml did not enhance ChAT activity in pontine cultures (Fig. 1 C) . NGF also failed to elevate dopamine uptake in mesencephalic cultures (Fig. 1D) . In contrast, insulin, IGF-I, and IGF-II markedly increased transmitter-specific differentiation in both systems. ChAT activity in pontine cultures and dopamine uptake in mesencephalic cultures were elevated by l OO-200% above control levels (Fig. 1, C, 0) . Effective concentrations of the 3 factors in pontine and mesencephalic cultures were similar to those observed in septal cultures. ED,,s were calculated in pontine cultures at 386.4 rig/ml for insulin (64.4 nM), 21.8 rig/ml for IGF-I (2.8 nM), and 42.6 @ml for IGF-II (5.7 nM) and in mesencephalic cultures at 3 11.5 &ml for insulin (51.9 nM), 13.9 r&ml for IGF-I (1.8 nM), and 47.5 rig/ml for IGF-II (6.4 nM). The rank order of potency, therefore, in all 3 culture systems was IGF-I > IGF-II > insulin. bFGF, in concentrations between 10 and 3000 rig/ml, did not enhance ChAT activity in pontine cultures but elevated dopamine uptake in mesencephalic cultures, although to a smaller degree than the insulin family of growth factors (Fig. 1, C, 0) . As in septal cultures, EGF at concentrations between 1 and 500 r&ml failed to increase ChAT activity in pedunculopontine cultures (Fig.  1 C) . In mesencephalic cultures these concentrations resulted in a modest maximal increase of dopamine uptake of 38% above control levels (Fig. 10) . Half-maximal response in mesencephalic cultures was achieved with 61.8 rig/ml bFGF (3.7 nM) and 1 .O &ml EGF (0.16 nM). Substance P was recently reported to elevate the activity of tyrosine hydroxylase in cultures of substantia nigra cells (Friedman et al., 1988) . Addition of 0.1 ng to 10 &ml (74 PM and 7.4 PM) of substance P did not influence dopamine uptake in our mesencephalic cultures (Fig.  1D ).
Mitogenic efects bFGF, which is a potent mitogen for various cell populations, stimulated cell proliferation in our cultures. Three to 4 d after plating, the density of cells was clearly higher than in control cultures, and usually after 5 d in vitro, the cultures were confluent. After about 1 week in vitro cultures treated with bFGF showed a very high rate of metabolism requiring daily change of medium to avoid acidification. At this time, bFGF-treated cultures were densely packed and their appearance in phasecontrast microscopy was clearly different from that of control or NGF-treated cultures (Fig. 2) . In agreement with the visual observations, bFGF produced a dose-dependent increase in protein mass in all 3 culture systems used. This finding for septal cultures is shown in Figure 1B . The presence of insulin, IGF-I, or IGF-II resulted in cell proliferation and a similar maximal Cultures were prepared and grown like those shown in Figure 2 ; concentrations: IGF-I and IGF-II, 1 &ml; insulin, 30 &ml.
Values are means + SEW, n = 4-8. All differences with control are statistically significant @ < 0.001; Student's t-test).
protein increase as bFGF (Figs. lB, 2C ). The cultures, however, as judged from the acidification of the medium, did not develop the same high rate of metabolism. EGF increased protein content at concentrations from 1 to 500 rig/ml, but the increase in protein content was less than was attained with bFGF, insulin, or the insulin-like growth factors. NGF, as shown previously (Hartikka and Hefti, 1988a; Knusel and Hefti, 1988) , did not influence the protein content in septal, pontine, or mesencephalic cells. Similarly, PDGF failed to elevate the protein content of septal cultures (data not shown). Growth factors that stimulated both transmitter specific differentiation and cellular proliferation always showed similar concentration requirements for these effects (Fig. 1, A, B) .
Further characterization of action of bFGF and insulin on septal cholinergic neurons The actions of IGF-I, IGF-II, and insulin on septal cultures were not additive. Combining maximally effective concentrations of these substances did not elevate ChAT activity or protein content above the level attained by either of the 3 factors alone (Table 1) . Given these findings, further studies were limited to insulin, which served as a representative for this family of growth factors.
Biochemical determination of ChAT activity of neuronal cul- tures does not discriminate between increased survival of cholinergic cells and increased expression of the enzyme in individual cells. To tentatively assess the presence of the enzyme in individual cells, septal control cultures and cultures treated with NGF, insulin, or bFGF were stained immunocytochemitally for ChAT. As shown earlier (Hartikka and Hefti, 1988a; Knusel and Hefti, 1988) , only a small number of weakly stained ChAT-positive neurons was visible in control cultures (Fig. 3A) , whereas in NGF-treated septal cultures, ChAT staining revealed many darkly stained, large bipolar and multipolar cells with branched processes (Fig. 3B) . Similarly, addition of bFGF and insulin to the medium elevated staining intensity of ChATpositive neurons. The staining intensity in bFGF-treated cultures was comparable to that in NGF-treated cultures but the cell bodies seemed to be smaller and to carry fewer branched processes (Fig. 30) . Slightly lower staining intensities were typical of cultures grown in presence of insulin but the appearance of the neurons was similar to that in NGF-treated cultures (Fig.  3B ), except for their smaller cell bodies. Treatment with either of the 3 factors increased staining intensity of maximally ChATpositive neurons above the maximal staining observed in control cultures. Although immunocytochemical staining intensity might not directly reflect the concentration of antigen, these observations suggest that NGF, bFGF, and insulin elevate ChAT expression in individual cholinergic neurons. Further evidence that bFGF most likely increases ChAT activity in individual neurons was provided by an experiment that employed different plating densities (data not shown). bFGF was equally effective in low density (0.2 Mio. cells/l6-mm well) as in high-density cultures (0.8-3.2 Mio cells/l6-mm well), where survival of cholinergic neurons is maximal and cannot be further increased by NGF (Hartikka and Hefti, 1988a) .
Despite the similarities of the effects of bFGF, insulin, and NGF on cultured septal cholinergic neurons, there were pronounced differences among these factors with regard to the time course of their action on ChAT activity (Fig. 4) . During the first week in vitro ChAT activity was highest in bFGF-treated cultures (Fig. 4A) . After 7 d bFGF produced no further increase in ChAT activity but continued to stimulate proliferation of nonneuronal cells as reflected by a continuous rise of the protein content (Fig. 4B) . In contrast, the most pronounced increase of ChAT activity in NGF-treated cultures was observed after more than 7 d in culture. Similarly, in the presence of insulin the ChAT increase was more pronounced after 7 d in vitro but, in contrast to NGF-treated cultures, started to level off after approximately 12 d in vitro. Final levels of ChAT activity which were measured after 15 d in vitro were 909% of control in NGFtreated cultures, 4 13% in cultures treated with insulin, and 2 16% in cultures treated with bFGF.
To test whether septal cholinergic neurons are more responsive to bFGF early in vitro, or if the lower final level of ChAT activity in bFGF-treated cultures in Figure 4 simply reflects an inability of our culture conditions to support the excessive growth of these cultures, the 3 factors were applied at different times after plating (Fig. 5) . Each set of cultures was grown in the presence of the factors for 3 d and then taken for ChAT assay. When the factors were given immediately after plating, ChAT activity was increased to 327% of control by bFGF, to 184% by NGF, and to 125% by insulin. If the factors were added after the cultures had been grown for 8 d under control conditions, the relative effects were 110% for bFGF, 266% for NGF, and 13 1% for insulin. This result confirms a pronounced effect of bFGF at early culture times. At late times bFGF is less effective, whereas for NGF an inverse relationship holds true. In contrast, insulin increases ChAT activity about equally at all times. The low response to bFGF after 8 d and to insulin does not reflect a principal inability of the cultures to respond. If the cultures were grown in presence of growth factors for 6 d instead of 3 after a delay of 8 d, bFGF increased ChAT activity to 166%, insulin to 165%, and NGF to 574% of control levels (data not shown). The large effect of bFGF on ChAT activity at initial culture times could reflect enhanced survival of freshly dissociated neurons during the first days in culture, as shown for various neuronal populations in serum-free medium (Morrison et al., 1986; Walicke et al., 1986; Walicke, 1988) , or increased mitosis of neuronal precursors (Gensburger et al., 1987) . We therefore counted the total number of neurons present in our Table 2 . bFGF, insulin, and NGF do not enhance cell survival during initial 4%hr period in vitro cultures after 2 d in vitro and compared the results with determinations of ChAT activity in cultures of the same age. Neurons were identified using neurofilament immunocytochemistry. Cultures treated with bFGF did not contain significantly more neurons than NGF-or insulin-treated cultures or untreated controls after 2 d in vitro (Table 2) , whereas ChAT activity was elevated to 335% of control with bFGF, 15 1% of control with NGF, and 120% of control with insulin treatment (Table 3) . These findings suggest that the early bFGF-mediated elevation of ChAT activity is not due to a general promotion of neuronal survival or stimulation of neuroblast mitosis in our cultures. They do not rule out the possibility of a selective enhancement of the survival of cholinergic neurons. Since bFGF and insulin strongly promoted the growth of nonneuronal cells and may affect other neuronal populations besides the cholinergic cells in our septal cultures, their stimulatory actions on these neurons could be indirect and secondary to an action on receptors located on other cells. In particular, in septal cultures bFGF or insulin could stimulate production and release of NGF. Anti-NGF antibodies, at a sufficient concentration to completely block the NGF-mediated increase of ChAT activity, failed to abolish the bFGF-or insulin-mediated elevations (Fig.  6 ). This experiment does not completely rule out the possibility that the antibodies failed to penetrate to the sites of synthesis and action ofendogenously produced NGF. However, the effects of maximally effective concentrations of bFGF, insulin, and NGF on ChAT activity and protein content were additive ( Table  4) , suggesting that NGF, bFGF, and insulin each stimulate different cellular mechanisms.
To test whether the effects of bFGF and insulin on cultured cholinergic neurons were mediated by glial cells, cell proliferation was inhibited by the addition of cytosine arabinoside (ara-C, 1.8 PM) to the medium (Table 5) . We have earlier shown that adding ara-C to our septal cultures reduces the number of astrocytes to less than 5% of the number counted in control cultures without affecting the number of neurons (Hartikka and Hefti, 1988a) . In confirmation of our earlier results, NGF was found to elevate ChAT activity in septal cultures in presence or absence of glial cells. Similarly, bFGF produced similar relative increases in ChAT activity in septal cultures, and insulin in septal, pontine, and mesencephalic cultures with or without ara-C, suggesting that the action of neither factor in these cultures depends on the presence of glial cells. In contrast, in mesencephalic cultures, the stimulatory action of bFGF and EGF on dopamine uptake was abolished by the presence of ara-C in the medium. Figure. 2 but taken for analysis after only 2 d in vitro. Values given are means ? SEM; n = 6. " Higher than control value and value of NGF group, p < 0.001. h Higher than control value, p < 0.002 (Student's t-test). (Honegger and Lenoir, 1982; Gnahn et al., 1983; Hefti et al., 1985; Hatanaka and Tsukui, 1986; Mobley et al., 1986; Johnston et al., 1987; Martinez et al., 1987; Hartikka and Hefti, 1988a) . The present study suggests that bFGF, insulin, and the insulin-like growth factors, but not EGF, exert similar actions. The actions of NGF, bFGF, and insulin on septal cholinergic neurons were additive and appear to be mediated by different mechanisms, whereas insulin, IGF-I, and IGF-II probably act via the same receptors. Development of pontine cholinergic neurons in vitro was stimulated by insulin and IGFs, but not by NGF, bFGF, or EGF. In vitro development of mesencephalic dopaminergic neurons was stimulated by insulin, IGFs, and, to a smaller degree, by bFGF and EGF. In all 3 culture systems, proliferation of non-neuronal cells was increased by insulin, IGFs, bFGF, and EGF, but not NGF. bFGF,which was originally purified from brain and pituitary based on its mitogenic activity for Balb/c 3T3 cells (Gospoda- rowicz et al., 1978) , is a potent mitogen for many cells (see Gospodarowicz, 1984) . Recently, this molecule has been shown in vitro to support survival and neurite outgrowth of neurons from various brain regions (Morrison et al., 1986; Walicke et al., 1986; Unsicker et al., 1987; Hatten et al., 1988; Walicke, 1988) and to promote neuronal differentiation of PC1 2 cells (Rydel and Greene, 1987; Schubert et al., 1987) . Intracerebral administration of bFGF prevents degenerative changes of lesioned cholinergic neurons of the basal forebrain (Anderson et al., 1988; Otto et al., 1989) . Although bFGF stimulates proliferation and influences the morphology of astrocytes in culture (Kniss and Burry, 1988; Perraud et al., 1988) , its actions on neurons are believed not to be mediated by glial cells (Morrison et al., 1986; Walicke and Baird, 1988) . Several observations make it seem likely that the effects of bFGF on the cholinergic neurons in our septal cultures resulted from a direct action of this molecule on the cholinergic cells. First, bFGF was most effective at very early culture times (l-2 d in vitro) when cellcell contact is still minimal. Second, preventing proliferation of Cultures were grown for 8 d. Means + SEM; n = 4-6; concentrations of factors as in Table 4 , O.h,r significantly higher than corresponding control. "p < 0.05. "p < 0.01. c p < 0.00 1 (Student's t-test).
and Nonselective Neurotrophic Factors cells by adding ara-C did not diminish the actions of bFGF. Third, transfer of medium from cultures grown in presence of bFGF did not reveal any "conditioning" effect of bFGF (data not shown). The bFGF-mediated elevation in ChAT activity, at least at early times in vitro when this effect is particularly pronounced, does not reflect a general effect ofbFGF on survival of dissociated neurons in culture as could be expected from the above-mentioned data (Morrison et al., 1986; Walicke et al., 1986) or, alternatively, a general proliferation of neuronal precursors (Gensburger et al., 1987) . Under our culture conditions, bFGFdid not increase the total number ofcells in septal cultures up to 2 d after plating. However, we cannot exclude the possibility that bFGF could have selectively promoted the survival of cholinergic neurons.
The concentrations of bFGF required to stimulate cholinergic differentiation in our septal cultures were higher than those found to promote survival and neurite outgrowth of freshly plated neurons. Reported concentrations producing 50% of maximal neuron survival range from 15 pg/ml to 1 rig/ml (Morrison et al., 1986; Walicke et al., 1986; Unsicker et al., 1987; Walicke, 1988) . Concentrations of bFGF stimulating half-maximal proliferation of various non-neuronal cells have been found to be approximately 50 pg/ml (Esch et al., 1985; Ferrara et al., 1988) . Walicke et al. (1989) recently characterized a neuronal bFGF receptor with an affinity 10 times lower than that of mesenchyma1 bFGF receptors, suggesting that neuronal cells respond to higher concentrations of bFGF. We observed some variation among dose-response curves for bFGF in our experiments with septal cultures. The lowest concentration that was half-maximally active in any of the experiments was 21.4 &ml. Since determination of bFGF by radioimmunoassay in our solutions revealed a loss of about half of the bFGF during routine handling of the substance (data not shown), the actual minimal concentration of bFGF in the medium producing a half-maximal response probably was approximately 10 &ml. Still, the exact reason for the higher dose requirements in our cultures remains to be determined. Possibly, at least part of the difference might be due to differences in plating densities of the cells. We plated 3-5 x 105/cm2 in our experiments whereas only 16 x 103/cmZ cells were plated in neuronal survival experiments (Walicke et al., 1986) . Under our culture conditions the potency of bFGF seemed to be negatively correlated with plating density. It has indeed been shown for a nontransformed cell line that the number of surface bFGF receptors decreases with increasing cell density (Veomett et al., 1989) . It also seems possible that the added bFGF is more rapidly removed from the medium at higher cell density by specific and nonspecific binding or other mechanisms and that the effective concentration of bFGF in the medium may decline very quickly.
Insulin, IGF-I, and IGF-II promoted transmitter-specific development in all 3 culture systems to a similar extent. Maximal concentrations of the 3 factors, when applied to septal cultures, were equally effective in increasing ChAT activity and combinations of the factors did not result in additive effects, suggesting that insulin, IGF-I, and IGF-II acted via the same receptors. The rank order of potency in all 3 systems, IGF-I z IGF-II > insulin, is in accordance with the relative affinities of the factors for a recently characterized neuronal IGF-I receptor (Burgess et al., 1987) . Insulin, IGF-I, and IGF-II, and their mRNA and receptors have been reported to occur and to be heterogeneously distributed in the adult mammalian brain (Dom et al., 1982; Sara et al., 1982; Hill et al., 1986; Mendelsohn, 1987; Bohannon et al., 1988; Rotwein et al., 1988) . None of the areas used for our cell cultures or the target regions of the neuronal populations studied have been recognized as being rich in insulin or IGF receptors in the above-mentioned studies. Thus, it seems surprising that insulin, IGF-I, and IGF-II act similarly and profoundly on cholinergic neurons of the septal and pontine areas as well as on the dopaminergic neurons of the substantia nigra in culture. However, it has been shown that the expression of insulin and IGFs and of their receptors is developmentally regulated in a complex and pronounced way with generally high levels of mRNA and receptors for the IGFs (Bassas et al., 1985; Pomerance et al., 1988; Rotwein et al., 1988) . The regional distributions of receptors for insulin and IGFs or mRNAs coding for receptor proteins in the embryonic brain are not known. It is conceivable that insulin and, in particular, the IGFs play a different, and more widespread role during early neuronal development than in the adult brain. This concept is supported by findings that insulin and IGFs can support neuronal survival and induce neurite formation and the synthesis of neural proteins in developing neurons (Bothwell, 1982; Bhat, 1983; Puro and Agardh, 1984; Recio-Pinto et al., 1986; Aizenman and DeVellis, 1987; Kyriakis et al., 1987, DiCicco-Bloom and .
Insulin and the IGFs are known to stimulate the synthesis of glial proteins in fetal rat brain cell cultures (Lenoir and Honegger, 1983) , DNA, RNA, proteins in astroglial cell cultures (Avola et al., 1988) and lipids in oligodendrocyte-enriched glial cultures ( Van der Pal et al., 1988) . In our cultures, insulin and the IGFs increased cell density and protein content. However, treatment of the cultures with ara-C to prevent cellular proliferation only slightly diminished the transmitter-specific effects of insulin. It seems likely that insulin, and probably also IGF-I and IGF-II, elevated ChAT activity and dopamine uptake in our cultures by a direct action on neurons and, to a minor extent, by indirect action via stimulation of glial cell proliferation. While a direct action on cholinergic and dopaminergic neurons seems likely, our studies do not rule out the possibility that other neurons mediated these effects. Any indirect stimulations mediated by glial cells or neuronal cells do not involve NGF or bFGF, since, in septal cultures, the effect of insulin was additive to the action of either of the other factors and since antibodies against NGF failed to block the insulin effect.
Many recent studies on neurotrophic actions have been based on the concept of target-derived survival factors, as suggested by the well-known biology of NGF (for reviews, see Thoenen and Edgar, 1985; Purves, 1986; Thoenen et al., 1987; Barde, 1989) . This concept does not exclude that a multitude of different factors are required at specific ontogenetic stages for a neuron to develop properly and to maintain its structural integrity and function during adult life. Different roles for bFGF, insulin, IGFs, and NGF in neural development are suggested by the observed time courses of their stimulatory action on ChAT activity in septal cultures. During the first 7 d in vitro, bFGF induced a significantly larger increase of ChAT activity than insulin or NGF. In the cultures with insulin, ChAT activity rose up to day 15 but the rate of increase declined after 12 d in vitro, whereas in cultures with NGF the most dramatic increase in ChAT activity occurred after 7 d. A second experiment in which bFGF, insulin, and NGF were applied at different times of the culture period confirmed a relatively higher responsiveness of the cholinergic neurons to bFGF at early and to NGF at late in vitro times (see Fig. 5) . A reduced late effect of bFGF could be explained by the presence of endogenous bFGF in the control cultures at later culture times. Still, even maximal concentrations of bFGF, present for 6 d after a delay of 1 week (data not shown) or present during an entire culture period of 15 d (see Fig. 4 ), resulted in a much lower level of ChAT activity than the presence of NGF under the same conditions.
An alternative interpretation to an intrinsic, timed modulation of responsiveness to bFGF is suggested by a possible role of bFGF in repair processes (Finklestein et al., 1988) . The mechanical trituration of the tissue that is used to dissociate embryonic cells in the preparation of the cell cultures severs existing neurites and may also disrupt cell body membranes. During the initial culture period, stimulation of repair processes may lead to similar measurable effects as enhancement of developmental processes. It can be speculated that the relatively larger effect of bFGF during the initial culture period demonstrates an active role of this substance in healing and regeneration, whereas NGF, which exerts its most significant influence on ChAT activity during later stages, promotes differentiation of the cholinergic cells. Although attractive, this hypothesis is not supported by our finding that bFGF did not enhance ChAT activity in pontine cultures, where, probably because of the more advanced development, the dissociation inflicts more cell damage than in septal cells (Knusel and Hefti, 1988) . Our finding that NGF, bFGF, and insulin increase the intensity of the immunocytochemical staining for ChAT suggests that the biochemically measured ChAT activity reflects elevated expression of this protein by cholinergic neurons. However, it does not rule out that bFGF and insulin promote survival of cholinergic neurons as earlier shown to occur with NGF under specific culture conditions (Hartikka and Hefti, 1988a) . Furthermore, it cannot be excluded that the 3 growth factors may affect different subpopulations of cholinergic neurons or induce noncholinergic neurons to express cholinergic traits. Further studies will be needed to test for these possibilities.
We believe that part of the importance of the present study lies in the comparison of effects of several known trophic substances on different neuronal populations studied under identical conditions. The exact roles and importance of neurotrophic factors in CNS development are poorly understood. While there is strong evidence that NGF serves as a target-derived neurotrophic factor for cholinergic neurons of the basal forebrain and promotes their differentiation, it is still unclear whether, similar to the situation in the peripheral sympathetic system, NGF controls the developmental survival of these cells. No comparable target-derived neurotrophic factors for other central neuronal populations have been identified with certainty. It is not known whether most or all central neuronal populations depend on target-derived factors for development and survival and, if they do, whether there exists a multitude of population-specific factors or only a small number of factors with a precise developmental regulation of their mechanisms. Our results confirm the relative selectivity of the action of NGF on the basal forebrain cholinergic neurons despite recent reports of a more widespread localization of NGF and NGF receptors in developing than in adult brain (Buck et al., 1988; Emfors et al., 1988; Schatteman et al., 1988; Yan and Johnson, 1988; Large et al., 1989) . bFGF, similar to NGF, strongly stimulates ChAT activity in septal cholinergic neurons. Considering the anteroposterior gradient in brain development, a developmentally short-lasting influence of bFGF on neuronal development could explain the lack of effect on pontine cholinergic, the relatively minor effect on mesencephalic dopaminergic, and the pronounced early effect on septal cholinergic cells. However, the action of bFGF on dopaminergic cells of the mesencephalic cultures, in contrast to its effect on the cholinergic neurons of the septal cultures, depends on cell proliferation. It is likely, therefore, that the effect of bFGF on the dopaminergic cells is mediated by glia cells and that its only direct effect on neurons in our cultures is on the septal cholinergic cells. The stimulatory actions of insulin and the IGFs on neural development and differentiation are most likely very widespread and, at least in vitro, not limited to a specific time in development. This family of growth factors therefore seem unlikely candidates for target-derived, neuronpopulation-specific neurotrophic factors. Nevertheless, their time-and site-specific presence could be required during development and their function during this time might be different from later, more general, stimulating influences on many biochemical parameters.
Our finding that NGF and bFGF directly influence cholinergic neurons of the basal forebrain, but not the other studied neuronal populations, invites an interpretation that seems interesting in another context than discussed so far. It can be speculated that septal cholinergic neurons have a higher intrinsic plasticity than pontine cholinergic or mesencephalic dopaminergic neurons and therefore can respond with changes in morphology and biochemistry to different trophic or specifying factors (Varon and Adler, 1980) or other treatments. This possibility seems particularly interesting, since central cholinergic mechanisms have long been recognized to be instrumental in memory processes (see Squire and Davis, 198 1; Singh et al., 1985) .
